The frequencies of low-activity alleles of glucose-6-phosphate dehydrogenase in humans are highly correlated with the prevalence of malaria. These "deficiency" alleles are thought to provide reduced risk from infection by the Plasmodium parasite and are maintained at high frequency despite the hemopathologies that they cause. Haplotype analysis of "AϪ" and "Med" mutations at this locus indicates that they have evolved independently and have increased in frequency at a rate that is too rapid to be explained by random genetic drift. Statistical modeling indicates that the AϪ allele arose within the past 3840 to 11,760 years and the Med allele arose within the past 1600 to 6640 years. These results support the hypothesis that malaria has had a major impact on humans only since the introduction of agriculture within the past 10,000 years and provide a striking example of the signature of selection on the human genome.
Malaria, resulting from infection by the Plasmodium falciparum, P. vivax, P. malariae, or P. ovale parasites, is the leading cause of death in the global human population. Each year 500 million people suffer from malaria, resulting in about 2 million deaths. During the course of human evolution in regions where malaria is prevalent, naturally occurring genetic defense mechanisms have evolved for resisting infection by Plasmodium. Most of the human genes that are thought to provide reduced risk from malarial infection are expressed in red blood cells or play a role in the immune system. These loci include human leukocyte antigen (HLA), ␣-and ␤-globin, Duffy factor (FY ), tumor necrosis factor (TNF ), and glucose-6-phosphate dehydrogenase (G6PD).
G6PD catalyzes the first step of the hexose monophosphate pathway and plays a critical role in the metabolism of glucose and the maintenance of balance of reduced/oxidized states of glutathione (important for coping with oxidative stress). G6PD enzyme deficiency, caused by mutations in the G6PD gene, is the most common enzymopathy of humans, affecting an estimated 400 million people and resulting in a number of hemopathologies, often triggered by certain foods (e.g., fava beans), drugs, or infection (1) (2) (3) . The G6PD locus is located on the telomeric region of the long arm of the X chromosome (Xq28) and is flanked 300 kb on either side by the factor VIII and red/green color pigment genes. Nearly 400 G6PD variants have been identified on the basis of electrophoretic and biochemical properties (1) . The normal activity G6PD B variant is present worldwide, but other variants, particularly those resulting in enzyme deficiency, are restricted to specific geographic regions (e.g., G6PD A and AϪ in sub-Saharan Africa and G6PD Med in Southern Europe, the Middle East, and India), although they may occur at a low frequency in regions where there has been recent gene flow (1, 2) . At the molecular level, more than 130 different mutations have been identified in the G6PD gene that result in enzyme deficiency, nearly all of which are single-base substitutions that cause an amino acid substitution (1, 2, 4) .
The distribution of G6PD deficiency is highly correlated with the distribution of current or past malaria endemicity. This observation led to the widely accepted hypothesis that G6PD deficiency confers reduced risk from infection by the Plasmodium parasite (2) . This hypothesis is supported by the observation that patients with G6PD deficiency have lower P. falciparum parasite loads than controls and by in vitro studies showing that parasite growth is inhibited in the first few cycles of infection in G6PD-deficient cells [summarized in (2, 3) ]. Additionally, a large case-control study of more than 2000 African children demonstrated that the most common form of G6PD deficiency in Africa (G6PD AϪ) is associated with a 46 to 58% reduction in risk of severe malaria for both female heterozygotes and male hemizygotes (5). Ruwende et al. (5) suggest that the selective advantage conferred by resistance to malarial infection is counterbalanced by a selective disadvantage associated with the hemopathologies associated with enzyme deficiency. Thus, the genetic variability maintained at the G6PD locus appears to be an example of a balanced polymorphism that, with the classic examples of sickle cell anemia and thalassemia, represents one of the best examples of natural selection acting on the human genome.
The G6PD gene spans about 18 kb and has 13 exons ( Fig. 1) . The three most common G6PD electrophoretic variants in Africa are G6PD B, which has normal enzyme activity (60 to 80% frequency range), G6PD A, which has 85% normal enzyme activity (15 to 40% frequency range), and G6PD AϪ, which has 12% normal enzyme activity (0 to 25% frequency range) (3, 5, 6) . Only the AϪ variant is thought to provide protection against malarial infection in Africa (5). The G6PD Med variant has 3% normal enzyme activity and usually ranges in frequency from 2 to 20%, but is as high as 70% among Kurdish Jews (2) .
To reconstruct the evolutionary history of G6PD deficiency mutations, we have identified three highly polymorphic microsatellite repeats within 19 kb of the G6PD locus. Using these microsatellites and restriction fragment length polymorphisms (RFLPs) within the G6PD gene, we have examined haplotype variability in geographically diverse human populations, originating from Africa, the Middle East, the Mediterranean, Europe, and Papua New Guinea (7), to estimate the age of G6PD alleles that confer resistance to malarial infection.
RFLP haplotype analysis. The G6PD B, A, AϪ, and Med alleles can all be detected by polymerase chain reaction (PCR) and RFLP analysis ( Fig. 1) (8) . Frequencies of the AϪ allele in our sample of sub-Saharan African populations range from 3% to 19% (Table 1) and exhibit significant heterogeneity across populations (X 2 7df ϭ 17.57, P Ͻ 0.03). In the North African, Middle Eastern, and Mediterranean populations, RFLP analysis to distinguish G6PD A, AϪ, or Med alleles was performed only in individuals with deficient enzyme activity levels (Table  1 ) (9). Therefore, we were not able to determine unbiased allele frequencies. Other studies have estimated the frequency of G6PD Med to range from ϳ2 to 10% in these populations (10, 11). We refer to chromosomes outside of Africa without deficiency mutations as Norm to distinguish them from B chromosomes in Africa, because they have distinct patterns of haplotype variation and were ascertained differently. Only four polymorphisms in noncoding regions and one polymorphism at a synonymous site of the G6PD gene have been identified in human populations (1, 12) . Only one of these RFLPs (Bcl I) is polymorphic outside of Africa (13) and has been analyzed with the Mbo II RFLP that defines the Med allele. Our results confirm previous reports that Norm chromosomes are nearly always associated with the Bcl I (Ϫ) allele, whereas the Med allele is most frequently associated with the Bcl I (ϩ) alleles in North African, Middle Eastern, and Mediterranean populations, but with the Bcl I (Ϫ) allele in Eastern Indian populations (11, 13).
Microsatellite analysis. Few RFLP haplotypes have previously been identified at the G6PD locus because the RFLPs have low heterozygosity, and there is strong linkage disequilibrium (LD) between markers located within a 3-kb region of the gene (12) . Additionally, because only one RFLP is polymorphic outside of Africa, RFLP haplotype analyses were not informative for reconstructing the evolutionary history of the G6PD gene in non-African populations. Therefore, we screened 52,173 base pairs (bp) containing the G6PD gene and flanking sequence (14) for potentially variable microsatellite repeats. Three microsatellite repeats, referred to as AC, AT, and CTT, were identified within a (58) . The most common G6PD AϪ variant in Africa has the mutation at nucleotide 376 and a second G to A transition at nucleotide 202, causing a Val to Met amino acid change (59) . The G6PD Med variant results from a mutation at nucleotide position 563, causing an amino acid change from Ser to Phe (13). The mutation resulting in G6PD A creates a Fok I site, the mutations resulting in G6PD AϪ create an Nla III site in addition to the Fok I site (8, 12) , and the mutation resulting in G6PD Med creates an Mbo II site (13). G6PD B lacks these three restriction sites. The Sca I, Bsp HI, Pst I, and Bcl I RFLP sites detect noncoding, or silent, substitution mutations (8, 12). The Sca I and Bsp I restriction sites were created by mismatch-containing primers (12) . The (AC) n repeat, located 4.28 kb downstream of G6PD at GenBank sequence position 22,359 (14), is a highly compound repeat consisting of the sequence (TA) 5 (AA) 1 (TA) 6 (CA) 6 (CT) 1 (CA) 1 (TA) 1 (CA) 10 (corresponding to a 178-bp repeat) (60) . The (AT ) n repeat, located 11.07 kb downstream from G6PD at GenBank sequence position 29,191, consists of a perfect (AT ) 14 repeat (corresponding to a 135-bp allele). The (CT T) n repeat, located 18.61 kb downstream from G6PD at GenBank sequence position 36,756, is a compound repeat consisting of the sequence (CT T) 11 (AT T) 7 (corresponding to a 198-bp allele). Table 1 . Population samples, number of chromosomes typed, and G6PD allele counts. G6PD A and AϪ variants in the sample of sub-Saharan African populations were detected by screening populations for the Fok I and Nla III restrictions sites (8). The G6PD deficiency phenotype in the North African, Lebanese, Cypriot, and Italian populations was identified on the basis of enzyme activity levels (9), and therefore unbiased allele frequencies could not be obtained. N represents the number of chromosomes included in the study.
For Sub-Saharan African populations, chromosomes were typed and the frequency of G6PD B, A, and AϪ alleles was counted. Standard errors are shown in parentheses. For North African and non-African populations, chromosomes were typed and G6PD alleles were counted. # def M and # def F denote the number of males and females who had the G6PD deficiency phenotype; # Other indicates chromosomes for which we have not yet identified the mutation underlying the deficiency phenotype. PNG, Papua New Guineans. Generally, the greatest haplotype diversity is found on B and A chromosomes from Africa (H ϭ 0.96 Ϯ 0.02 and 0.91 Ϯ 0.04, respectively), moderate levels of diversity on Norm/Bcl I(Ϫ) and Norm/Bcl I(ϩ) chromosomes outside of Africa (H ϭ 0.87 Ϯ 0.03 and 0.86 Ϯ 0.10, respectively), and the most restricted variability on AϪ (H ϭ 0.72 Ϯ 0.08), Med/Bcl I(ϩ) (H ϭ 0.18 Ϯ 0.04), and Med/Bcl I(Ϫ) (H ϭ 0.38 Ϯ 0.15) chromosomes ( Fig. 2) (19) . Distinct patterns of microsatellite haplotype variability and of LD were associated with the various G6PD alleles ( Figs. 2 and 3 ). G6PD AϪ alleles are always associated with a 166-bp AC allele, and G6PD A alleles are always associated with either a 164-or 166-bp AC allele. There are broad ranges of AT and CTT alleles on A chromosomes, whereas AϪ alleles are associated with only large-sized AT alleles (ranging from 165 to 179 bp in size) and nearly always with a 195-bp CTT allele. By contrast, B chromosomes from Africa have primarily large AC alleles, 176 to 186 bp in size (with 182-to 184-bp alleles most common), as well as a broad range of AT and CTT alleles.
Norm/Bcl I(Ϫ) chromosomes from Tunisia and outside of Africa appear to have a subset of the haplotype variability present on B chromosomes in sub-Saharan Africa, with only three common microsatellite haplotypes (containing a 178-bp AC allele, 137-to 141-bp AT alleles, and a 198-bp CTT allele) ( do not have this haplotype, five differ only by a single AC or AT repeat, and one (182/151/ 198) appears to be a recombinant at the CTT site. The 182/151/210 haplotype is very rare in the global sample and has been observed on only two Norm/Bcl I(Ϫ) chromosomes from Cyprus and Italy, consistent with a rapid expansion in frequency of G6PD Med alleles. The clustering of microsatellite alleles on AϪ and Med chromosomes indicates pairwise LD with the G6PD deficiency alleles that is highly significant for all three repeats (P Ͻ 0.01, Fisher's exact test) ( RFLP/microsatellite haplotype analysis. To reconstruct the evolutionary history of the A, AϪ, and B chromosomes in the sub-Saharan African populations, we selected a subset of these chromosomes for a more extensive RFLP/microsatellite haplotype analysis. In addition to the Fok I and Nla III sites that distinguish A, AϪ, and B alleles, four noncoding, or silent, RFLPs located within a 3-kb region of the G6PD gene were typed ( Fig. 1) . Two distinct clades are formed by the A/A-chromosomes and the B chromosomes (Fig. 4) . All A/AϪ chromosomes carry a 164-to 166-bp AC allele, and all but one B chromosome possesses a 176-to 186-bp AC allele. B chromosomes have the greatest RFLP haplotype diversity and also have high levels of microsatellite haplotype diversity on the two most common G6PD B haplotypes. This observation supports the hypothesis that the B allele is ancestral, as indicated by sequence data from humans and chimpanzees (6) . On the A chromosomes, one major RFLP haplotype, "Ϫ ϩ Ϫ Ϫ ϩ Ϫ", has high levels of microsatellite haplotype diversity and is most likely the ancestral A haplotype. It can be derived from the most common B haplotype, "Ϫ Ϫ Ϫ ϩ ϩ Ϫ", by two mutational steps. All but 2 of the 42 AϪ chromosomes have a single RFLP haplotype, "ϩ ϩ ϩ Ϫ ϩ Ϫ", and have reduced microsatellite haplotype diversity, consistent with the hypothesis of a recent origin of the AϪ allele from an A chromosome (12) .
Coalescent simulations to assess fit to strict neutrality. Three features that stand out in both the African and Mediterranean data are reduced microsatellite variability in the AϪ (and Med) clades, striking patterns of LD between the major G6PD alleles and the microsatellites, and AT and CTT microsatellite allele sizes of the AϪ (and Med) clades that are distinct from others in the rest of the genealogy. Coalescence analysis was applied to reveal whether patterns of variation in 315 African haplotypes and 294 non-African haplotypes are consistent with a neutral model (22). The coalescent simulations generated null distributions under neutrality for haplotype diversity within the AϪ or Med allelic lineages. The simulations generally produced levels of microsatellite variation in the AϪ clade that were greater than those observed in the population samples (Table 2 ). In the population samples, the AϪ clade also had significantly fewer microsatellite alleles, lower variance in allele size, and higher maximum LD (␦ max ) than those generated by the neutral coalescent model. An analysis of variance (ANOVA) F statistic (22) also indicated that observed AT microsatellite alleles exhibited significantly greater differences in allele sizes between AϪ and B clades than would be expected under neutrality. For the Mediterranean data, all three microsatellite loci differ significantly from the neutral coalescent tree for the number of observed alleles, the microsatellite size variance, ␦ max , and the F statistic. Overall, the AϪ and Med clades are far more constrained in their variability and exhibit greater LD than the neutral coalescent would predict. Hence, forces other than drift have resulted in a rapid expansion of these alleles, giving them a relatively high frequency and broad geographic distribution without sufficient time to generate within-clade heterogeneity (23).
Age estimates of the A؊ and Med alleles. Although methods exist to incorporate natural selection into the framework of the coalescent (24, 25), these methods are not easily adapted to infer the age of an allele when positive selection is present. Therefore, we simulated a Poisson branching process in a growing population to estimate the age of the deficiency alleles (AϪ and Med), drawing parameters from prescribed prior distributions and subjecting each simulation run to rejection criteria (26, 27) . In these simulations, the AϪ deficiency mutation was assumed to occur uniquely within sub-Saharan Africa, and the Med deficiency was assumed to occur uniquely in the Mediterranean or north African populations. Our analysis required the following parameters: the mutation Table 2 . Coalescence simulations. Results of coalescence simulations designed to test the correspondence of the four given sample statistics for the AϪ clade in the African sample and the Med-containing samples to those generated by a neutral coalescent (22) . n alleles is the number of distinct microsatellite alleles in the given class; STR variance is the variance in microsatellite allele size; ␦ max is the LD value for the microsatellite allele in strongest LD with the AϪ or Med allele; and F ANOVA is the F statistic from the ANOVA contrasting the microsatellite size of AϪ versus non-AϪ alleles (and Med versus non-Med alleles). The credibility intervals for the mean mutation rate of microsatellite loci, the selection coefficient for deficiency alleles, and the rate of recombination to the closest microsatellite locus were very similar for the AϪ and Med chromosomes ( Table 3 ). The local rate of recombination in this region of the X chromosome is ϳ1.64 cM/Mbp (29), which corresponds to a recombination rate of 2.95 ϫ 10 Ϫ4 for an 18-kb span, a figure that is within the credibility interval. Although mutation and recombination rates appear consistent across the AϪ and Med alleles, the AϪ lineage appears to be older than the Med lineage ( Table 3 ). The mean age of the AϪ allele in these runs was 6357 years, with a 95% credibility interval extending from 3840 to 11,760 years. For the Med alleles, the mean age was 3330 years with a 95% credibility interval of 1600 to 6640 years (30) .
Evolutionary history of the G6PD locus. Our RFLP and microsatellite haplotype analyses support the hypothesis that B alleles are ancestral and that A alleles are more recently derived (1, 6, 12) (Fig. 4) . The data are also consistent with the expectation that the highly compound AC repeat should be more stable than the AT and CTT repeats and should, therefore, remain in LD with the G6PD alleles. However, there has been sufficient time to accumulate considerable variation at the AT and CTT microsatellites on both B and A chromosomes as a result of microsatellite mutation and/or recombination. The maintenance of LD between G6PD deficiency alleles and the microsatellite alleles is consistent with previous reports indicating strong LD in this part of the X chromosome (21), as well as a recent origin of the G6PD deficiency alleles. Sequence analysis of a 5-kb region of the G6PD gene in 50 African individuals and in chimpanzees indicates that although the B allele currently dominates in frequency worldwide and is the inferred ancestral state, A chromosomes also show high levels of nucleotide variation (31) , suggesting that the A allele was historically greater in frequency. This observation is also consistent with the high level of microsatellite variation linked to the A haplotype class in this current study. The maintenance of two distinct clades (B and A/AϪ) at the G6PD locus, as indicated by sequence and microsatellite haplotype analysis, could indicate historical balancing or directional selection acting on B and/or A alleles (or at closely flanking loci).
RFLP and microsatellite haplotype analyses suggest that the G6PD AϪ allele arose on an A chromosome containing a 164/169/195 haplotype (the most common AϪ haplotype) and then spread rapidly across a broad geographic range in Africa, with time for only a limited amount of variation at the AT repeat to accumulate. The similar pattern of haplotype variability and LD across geographically diverse African populations at the G6PD locus contrasts markedly with the divergent pattern of haplotype variation and LD observed across African populations at the CD4, DM, PLAT, and PAH loci (31) (32) (33) (34) (35) and likely reflects the effects of selection at the G6PD locus. The few A and AϪ chromosomes observed outside Africa have patterns of haplotype variation that are identical to that observed in Africa and likely originate from recent gene flow from Africa.
The Norm chromosomes outside Africa may descend from a subset of the B chromosomes that were carried by a small founding population(s) during the migration of modern humans out of Africa within the past 100,000 years (32) . Genetic drift at the time of this founding event may have resulted in the distinct pattern of haplotype variability observed on normal chromosomes outside Africa (Fig.  2) . The Med mutation most likely arose on a normal chromosome with a 182/151/210 haplotype background [possibly on a Norm/Bcl I(ϩ) chromosome] and spread rapidly throughout the Middle East and Mediterranean region. The presence of Med and AϪ alleles on distinct microsatellite haplotypes supports the conclusion that they arose independently. The high frequency and broad geographic range of these deficiency mutations, in the face of low haplotype variability and high LD, is inconsistent with a model of neutrality. Rather, our results support the hypothesis that the AϪ and Med mutations have attained high frequency as a result of selection at this locus, most likely in response to malaria infection caused by the Plasmodium parasite. Thus, the pattern of haplotype variability and LD at G6PD represents an excellent example of the signature of selection on the human genome.
Origins of malarial resistance in humans. The high variability and mutation rate of the three microsatellite markers at G6PD make it possible to obtain a reasonably well-bounded estimate of the origin of alleles that confer protection against malaria. We estimate that the AϪ mutation arose within the past 3840 to 11,760 years. This estimate (Fig. 1) , and the size of the circle is approximately proportional to the number of chromosomes observed. Each line between pie charts indicates a single mutation and/or recombination event, and the length of the line is not correlated with the number of mutational events separating haplotypes. Microsatellite haplotype diversity on each RFLP haplotype background is indicated by slices of the pie chart. Microsatellite haplotypes are color coded as follows on the basis of the size of the AC repeat: 164-bp alleles (light blue), 166-bp alleles (dark blue), 168-bp alleles (darkest blue), 176-bp alleles (light yellow), 178-bp alleles (dark yellow), 182-bp alleles (orange), and 184-bp alleles (red). Of the 250 chromosomes typed for all nine polymorphisms, only the 186 chromosomes that had no missing data and could be unambiguously phased are included in the network analysis. In total, 97 B, 61 A, and 28 AϪ chromosomes are included in the cladogram.
is consistent with archaeological and historical documents indicating that malaria has had a significant impact on humans only within the past 10,000 years, coincident with the origination and spread of agriculture in the Middle East and Africa (36) (37) (38) (39) . According to Livingstone (36, 37) , the introduction of slash and burn agriculture in West Africa about 2000 to 4000 years ago resulted in the clearing of tropical forests and an increase in sunlit pools of water. The increased number of Anopheles gambiae breeding places resulted in an increase in the population density of A. gambiae, the major vector for P. falciparum parasite, the Plasmodium species associated with more severe, stable, hyperendemic malaria (38) . Additionally, agriculture enabled increased human population density, facilitating the spread of malaria.
However, a number of factors may have caused malaria to become hyperendemic slightly earlier in Africa, as our date estimate suggests. Africa underwent an increase in both temperature and humidity between 12,000 and 7000 years ago, along with a concurrent increase in the number of sunlit lakes and ponds (40, 41) ; these conditions support the spread and rapid adaptive speciation of the A. gambiae vector (42) . Two other pieces of evidence also indicate an earlier increase in human population density in the Sahara and northeast Africa, allowing for the importance of malaria as a selective agent. First, plant and animal domestication originated about 8000 to 10,000 years ago in this region (37, 40) , leading to conditions that could facilitate the spread of infectious disease. Second, archaeological evidence indicates denser and more permanent populations around lakeshores owing to the spread of fishing industries, as well as to incipient cattle domestication in these regions (40, 43) . These population settlements on or near lakeshores and water pools could have served as adequate preconditions for the spread of mosquito-borne pathogens (40) .
Our date estimates are consistent with studies of genetic diversity in the P. falciparum genome suggesting a recent population bottleneck followed by rapid population expansion within the past 5000 to 50,000 years (44) [but for an alternative perspective see (45) ]. Our date estimates are also consistent with studies of genetic diversity in the A. gambiae genome, suggesting rapid adaptive speciation and the emergence of more anthropophilic taxa within the past 10,000 years (42) . Although mild forms of malaria may have existed in humans throughout much of their evolutionary history, our data suggest that more severe malaria did not become hyperendemic until the past 10,000 years, likely in response to climatic and/or cultural changes that facilitated population expansion and diversification of the Anopheles vector, the P. falciparum parasite, and the human host.
The more recent spread of the Med allele within the past 1600 to 6640 years is consistent with historical Greek and Egyptian documents indicating that, despite the earlier presence of more mild forms of malaria resulting from infection by Plasmodium malariae and P. vivax, the more severe P. falciparum malaria may not have been prevalent in the Mediterranean until after 500 B.C. (39) . Thus, the selective pressure of severe malarial infection may have increased more recently in the Mediterranean region. It is possible that the recent and rapid spread of the Med allele across a broad geographic region may correspond with the spread of agriculture during a Neolithic expansion and migration across Europe from the Middle East 10,000 to 5000 years ago (46) . However, our date estimate suggests that this mutation could have been spread by more recent migration events, perhaps as a result of the extensive trade routes and colonizations of the Greeks into these regions in the first several millennia B.C. (11, 47) . It is even conceivable that the Med mutation was spread throughout this region by the army of Alexander the Great, which invaded and conquered territories ranging from the Mediterranean to India, the Middle East, and even North Africa during the fourth century B.C. (47) . Thus, the study of polymorphism at the G6PD locus demonstrates how the environment, culture, genes, and history interact to shape variation in the modern human genome.
Note added in proof: Since the submission of this manuscript, Saunders et al. have reported sequencing 41 G6PD alleles and similarly found low AϪ haplotype diversity and a recent time of origin of the AϪ allele (61) . extraction and/or a Gentra PureGene kit. All samples are from unrelated individuals and were obtained with informed consent and with the approval of the human subjects review panels of participating institutions. The Papua New Guinean samples come from both highland and coastal locations (48) . The Bantuspeaking populations are from ethnically mixed South African Bantu speakers. The Mende and Temne ethnic groups originate from Sierra Leone (49), the Ga originate from Ghana (50) , and the Bakaka from Cameroon (51). We also included samples from assorted ethnic groups originating from Sierra Leone (Creole, Fula, Limba, Loko, Mandingo), Ghana (Akan, Ashante, Ewe), and Cameroon (Mandara, Podoko, Uldeme, Bassa) for which the samples sizes were very small and, therefore, were grouped together and analyzed as "Mixed." The Cypriot samples are from individuals whose parents are both Greek Orthodox and originate from both coastal and mountainous districts of the island. The Italian samples all originate from the Ionian coast of the Calabria region of southern Italy (11, 21). The Tunisian samples are from unrelated patients from different parts of Tunisia, and the Lebanese samples originate from unrelated samples collected in Beirut. 8. The G6PD B, A, and AϪ alleles in Africa were distinguished by PCR amplification of exons 3 and 4 followed by digestion with Nla III restriction enzyme, and by amplification of exon 5 followed by digestion with Fok I. Individuals who lack both restriction sites were classified as B, those who lacked the Nla III site but contained the Fok I site were classified as A, and those who had both Nla III and Fok I restriction sites were classified as AϪ. Primers used to amplify exons 3 and 4 were G6PD3/4F (5Ј-AACCACACACCTGT TC-CCTC-3Ј) and G6PD 3/4R (5Ј-GCTGGTAGAGAGGG-CAGAAC-3Ј). Amplification with these primers produces a 320-bp product, and digestion with Nla III produces 207-and 113-bp fragments in individuals with the AϪ mutation and a 320-bp fragment in individuals who lack the mutation. Primers used to amplify exon 5 were G6PD5F (5Ј-CAAAGAGA-GGGGCTGACATC-3Ј) and G6PD5R (5Ј-GCTCATA-GAGTGGTGGGAGC-3Ј). Amplification with these primers produced a 342-bp product. Digestion with Fok I produces 173-and 169-bp fragments if the individual has the A mutation. The Med mutation can be detected by amplification of exon 6 followed by digestion with Mbo II. Primers used to amplify exon 6 were G6PD6F (5Ј-TGCAGCTGTGATCCTCACTC-3Ј) and G6PD6R (5Ј-AGGTGGAGGAACTGACCT TG-3Ј).
Amplification produces a 388-bp product. Digestion with Mbo II produces 253-, 99-, and 36-bp fragments in individuals with the Med mutation and produces 352-and 36-bp fragments in individuals who lack the mutation. Amplifications were performed with 50 to 100 ng of genomic DNA in a 25-l (total volume) reaction mixture. The reaction mixture contained 10 pmol of each forward and reverse primer, 200 M of each deoxynucleotide triphosphate (dNTP), 50 mM KCl, 10 mM tris-HCl, 1.5 mM MgCl 2 , and 0.625 U of Taq polymerase. Exons 3/4 and exon 5 samples were denatured for 1 min at 94°C, followed by 30 cycles of 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min, followed by a 10-min extension at 72°C. Exon 6 samples were denatured for 1 min at 94°C, followed by 30 cycles of 94°C for 1 min, 59°C for 1 min, and 72°C for 1 min, followed by a 10-min extension at 72°C. PCR products were digested for 2 hours overnight with the appropriate restriction enzymes, buffers, and incubation temperatures. Amplification products were run on a 1% agarose gel, stained with ethidium bromide, and visualized with an ultraviolet transilluminator and photoimager. The Pst I and Bsp HI RFLPs were detected with the primers and protocols as described in (13) and (12), respectively. The Sca I and Bsp I restriction sites were created by mismatch-containing primers to detect the underlying mutations as described (12). 9. The Tunisian and non-African samples were selected on the basis of G6PD protein electrophoretic properties and/or enzyme activity levels. For the Tunisian populations, electrophoretic mobility and enzyme activity of G6PD was performed with the standard World Health Organization protocol as described (52) . Enzyme activity levels for the Lebanese and Cypriot samples were measured by a semiquantitative fluorescence test (53) . Enzyme activity level in the Italian population was measured by differential pH-metry as described (54) . For the Italian sample, only those individuals with enzyme activity levels less than 5% of normal were included in the study. (1990). 14. GenBank accession number X55448. 15. The G6PD A, AϪ, and Med mutations were not detected in a sample of 11 great apes. In 16 chromosomes screened from chimps (n ϭ 13) and gorillas (n ϭ 3), we observed microsatellite allele sizes that overlap the range observed in humans, with the exception of six 196-bp and three 152-bp AC alleles observed in chimps and gorillas, respectively, and 180-to 192-bp CT T alleles observed in both chimps and gorillas (55) . 16. The (AC) n repeat was amplified with primers ACF (5Ј-TCACT TGGGCCATGATCAC-3Ј) and ACR (5Ј-T TAAT T TGTATCATGGGGTCCTAG-3Ј) that produce fragments from 164-to 188-bp long. The (AT) n repeat was amplified with primers ATF (5Ј-CATG-GT T TCTGTGGAGTCTAGC-3Ј) and ATR (5Ј-GGTGG-GAGGAT TGCT TGAAG-3Ј) that produce fragments from 125-to 179-bp long. The (CT T) n repeat was amplified with primers CT TF (5Ј-GT TCAAGCGAT-TCTAGTGCCC3Ј) and CT TR (5Ј-CGGGTAGAT TGCT-TGAGCC-3Ј) that amplify fragments from 195-to 216-bp long. Amplification was performed with 50 ng of genomic DNA in a 25-l (total volume) reaction mixture. The reaction mixture contained 5 pmol each of fluorescently labeled forward and reverse primer, 200 M of each dNTP, 50 mM KCl, 10 mM tris-HCl, 1.5 mM MgCl 2 , and 0.625 U of Taq polymerase. Samples were denatured for 1 min at 94°C, followed by 25 cycles of 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min, followed by a 10-min extension at 72°C. Amplification products were run on a 6% polyacrylamide gel on an ABI 373 DNA sequencer, and fragment sizes were determined with Genescan software. Amplification of the CT T repeat, which is located within an Alu-rich region, produces some nonspecific fragments ( predominantly a 154-bp band) that do not vary among individuals. 6 (1993) . 22. Coalescent simulations were run for each combination of AϪ versus Med allelic lineages and microsatellite locus (total of six runs). The sample from subSaharan Africa was drawn without ascertainment bias, so the observation of 42 AϪ alleles in a sample of 315 chromosomes represents the population frequency used in the simulations. The other populations were ascertained nonrandomly, so we used an estimate of 0.05 as the frequency of the Med allele in those populations (10, 11), and we drew a sample from the observed Med haplotypes to reconstruct a population sample. In each simulation run, 10,000 random coalescence trees were generated that satisfy the rejection criteria [that the derived clade have a frequency equal to the observed AϪ (or Med) clade and that the variance in the microsatellite allele size on the remaining clades be within Ϯ20% of the observed variance]. The mutation rate of the microsatellite was sampled from a prior distribution determined from extrinsic data (the variance in the microsatellite allele size). From each coalescence tree that was accepted, we calculated four sample statistics: (i) the number of distinct haplotypes; (ii) the variance in the microsatellite allele size; (iii) the linkage disequilibrium parameter ␦ for the microsatellite allele with the highest LD {where ␦ ϭ and r were drawn from a uniform prior distribution with the following ranges: (10 Ϫ3 to 10 Ϫ4 ), s (0 to 0.1), and r (0 to 10 Ϫ4 ). Given an initial population size of 10,000 and a growth rate of ␥ ϭ 0.001 per generation, the allele frequencies were iterated until the population attained a frequency of the AϪ clade equal to that observed in the African sample (q crit ϭ 0.11) or of the Med clade equal to that estimated for the Mediterranean populations (q crit ϭ 0.05). The dominance and overdominance selection models produced estimates of mutation rate, recombination rate, and allele age that were all within 10% of each other (because AϪ/AϪ females are relatively rare in the early stages of allele expansion). The estimates of mean age of deficiency clades varied only by about 5% across the 10-fold range of growth rates, suggesting that the estimates were robust across a range of population growth rates, as long as the population is growing fast enough to make the branching process supercritical (i.e., growing sufficiently rapidly that the deficiency lineage is not lost). Similarly, mean allele age estimates were relatively insensitive to the initial population size (varying only 2% across a range of sizes from 10,000 to 100,000). Although we expect the mutation rate and recombination rate to be the same in Africa as in the Mediterranean, these two parameters were estimated independently in the two samples. The consistency of estimates of mutation rate and recombination in these two samples serves to test one aspect of validity of the model, namely, whether it converges on biologically consistent estimates.
Optical Control of Electrons During Electron Transfer
Ignacio B. Martini, Erik R. Barthel, Benjamin J. Schwartz*
The dynamics of electron transfer reactions in solution can be controlled with the use of a sequence of femtosecond laser pulses. In the charge transfer to solvent (CT TS) reaction of sodide (Na Ϫ ) in tetrahydrofuran, an initial light pulse launched the CT TS reaction, ejecting an electron into either an immediate or a solvent-separated Na 0 :solvated electron contact pair. A second pulse was used to excite the electrons in the contact pairs, and a third pulse monitored the amount of Na Ϫ produced through the back electron transfer. Excitation of the electrons in immediate contact pairs shut off the back electron transfer, whereas excitation of the electrons in solvent-separated pairs both enhanced and hindered the back electron transfer.
Examples of electron transfer (ET) reactions abound in biology, chemistry, and physics (1, 2) , but the large number of degrees of freedom in most ET systems makes it difficult to obtain a fundamental understanding of the charge transfer process. To build a complete microscopic understanding of ET reactions, it makes sense to study model systems that consist of atomic reactants. In this report, we show that femtosecond laser pulses can be used to control the motion of the electron as ET takes place in a model charge transfer system that has only electronic degrees of freedom, in this case, the transfer of a single electron from an atomic anion in solution to a nearby solvent cavity.
This reaction is an example of the wellknown phenomenon of CTTS (3) . Vertical excitation of a CTTS transition produces a localized excited state that is bound only by the polarization of the surrounding solvent. The resulting motions of the solvent molecules then cause the electron to be ejected from the excited parent anion, which produces a solvated neutral atom and a solvated electron (4) . The photoinitiation of such reactions makes them amenable for study with ultrafast lasers because the entire photoexcited ensemble undergoes ET from the same temporal starting point (5) (6) (7) (8) .
In previous work, we have extensively characterized the CTTS transition of sodide (Na Ϫ ) in tetrahydrofuran (THF) (5-7). Alkali metal anions (as opposed to the more familiar cations) are formed in solution by the disproportionation of solid alkali metals (M) into the solvated ions M ϩ and M Ϫ . This reaction is usually catalyzed by cation complexing agents such as crown ethers (9). Our particular choice of Na Ϫ is based on its spectroscopic convenience. The sodide CTTS absorption band is easily accessible in the visible (10), and the absorption spectra of the solvated electron (11) and sodium atom (12, 13) products in THF are well known and spectrally well isolated (Fig. 1A) . Because there are only electronic degrees of freedom, this system allows for detailed investigations of how the solvent affects the electronic energy of each species (5-7, 14, 15) . Moreover, the lack of spectral congestion from vibrations and rotations allows for facile optical control over the dynamics of the back ET reaction. Our previous femtosecond pump-probe experiments on the Na Ϫ /THF system showed that excitation of the CTTS band produces a solvated electron (e s Ϫ ) and a solvated sodium atom (Na 0 ) in 700 fs (5). The back ET reaction (recombination) to reform the parent sodium anion is not diffusion controlled (6 ) but can be explained by assuming that most of the ejected electrons remain in the immediate vicinity of their Na 0 partners in contact pairs. In some contact pairs, the electron resides in the same solvent cavity as the Na 0 , which allows for direct nonadiabatic recombination within 1.5 ps; we refer to these species as "immediate" contact pairs. In other contact pairs, the electron and Na 0 products localize in adjacent solvent cavities and do not recombine for hundreds of picoseconds, depending on the solvent; we refer to these as "solvent-separated" contact pairs. The energy of the excitation pulse controls the branching ratio for formation of immediate and solvent-separated contact pairs (6 ) . Our basic understanding of the kinetics of the CTTS process of Na Ϫ is summarized in Fig. 1B (7 ) .
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